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Abstract We propose an experimentally viable setup 
for the realization of one-dimensional ultracold atom ga- 
ses in a nanoscale magnetic waveguide formed by single 
doubly-clamped suspended carbon nanotubes. We show 
that all common decoherence and atom loss mechanisms 
are small guaranteeing a stable operation of the trap. 
Since the extremely large current densities in carbon 
nanotubes are spatially homogeneous, our proposed ar- 
chitecture allows to create a very regular trapping po- 
tential for the atom cloud. Adding a second nanowire 
allows to create a double- well potential with a moderate 
tunneling barrier which is desired for tunneling and in- 
terference experiments with the advantage of tunneling 
distances being in the nanometer regime. 



1 Introduction 

The ongoing progress in the fabrication and manipula- 
tion of micro- or nanoscale structures has recently al- 
lowed for systematic studies of ultracold atom gases, 
where current-carrying wires and additional magnetic 
bias fields generate magnetic fields trapping neutral atoms 
('atom chips') For instance, the Bose-Einstein con- 
densation (BEC) of microchip-confined atoms has been 
successfully demonstrated by several groups 0. So far, 
decoherence and atom loss constitute central impedi- 
ments, since atoms are relatively close to 'hot' macro- 
scopic surfaces or current-carrying wires (with typical di- 
ameters of several /jm) , where the Casimir- Polder poten- 
tial and Johnson noise can seriously affect stability |4"||^1 
EJ. To reduce these effects, further miniaturization to the 
nanoscale regime would be desirable. In particular, this 
is promising in the context of integrated atomic matter- 
wave interferometry and optics ]ZJ, and combines the 
strengths of nanotechnology and atomic physics. While 
at first sight this goal conflicts with the requirement 
of large currents forming tight trapping potentials, we 
propose that when using suspended carbon nanotubes 



(NTs) 8 (with diameters of a few nm) as wires, nanoscale 
atom chip devices with large current densities can be 
designed. In turn, these devices allow to trap ultracold 
atom gases basically free of trap-induced decoherence or 
atom losses, with the gas containing few tens of atoms. 
Since disorder is generally weak in NTs, the (extremely 
large) current density distribution is spatially homoge- 
neous, which allows to overcome the problem of fragmen- 
tation of the atom cloud. Moreover, they can be built 
with state-of-the-art technology. 

With relevant length scales below optical and cold- 
atom de Broglie wavelengths, this also paves the way 
for the observation of interesting and largely unexplored 
many-body physics in one dimension (ID) 9 . Examples 
include the interference properties of interacting matter 
waves |H31, the ID analogue of the BEC-BCS crossover 
[TT] and shape resonances in ID trapping potentials ^2 • 
Previous realizations of ID cold atoms were reported us- 
ing optical lattices (1311141115] and magnetic traps |16|. 
but they involve arrays of ID or elongated 3D systems, 
where it is difficult to separately manipulate a single ID 
atom cloud (the distances between the ID systems com- 
posing the array are few hundred nm). A noteworthy 
advantage of our proposal against dipole optical traps is 
that arrays of many NT waveguides can be built, where 
it is possible to manipulate an individual trap by chang- 
ing the current through an individual NT. Moreover, our 
proposal allows to minimize unwanted substrate effects 
and implies a drastically reduced transverse size (a few 
nm) of the cloud. We expect that our approach allows to 
observe new interesting many-body features not acces- 
sible by the otherwise very successful atom chip setup. 
This could provide a fruitful link between atomic and 
condensed matter physics with a wealth of fascinating 
effects. 



2 The setup 

A typical proposed nanoscale waveguide setup to con- 
fine ultracold atoms to ID is sketched in Fig. ^ The 
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setup employs a single suspended doubly-clamped NT 
(left NT in Fig. □ the second suspended NT on the 
right will be used to create a double-well potential, see 
below), where nanofabrication techniques routinely al- 
low for trenches with typical depths and lengths of sev- 
eral /im [H]. To minimize decoherence and loss effects 
the substrate should be insulating apart from thin 
metal strips to electrically contact the NTs. Since strong 
currents (hundreds of /xA) are necessary, thick multiwall 
nanotubes (MWNTs) or 'ropes' [5] are best suited. The 
suspended geometry largely eliminates the influence of 
the substrate. A transverse magnetic field B x is required 
to create a stable trap while a longitudinal magnetic 
field B z suppresses Majorana spin flips [T7IHH) . With 
this single-tube setup, neutral atoms in a weak-field seek- 
ing state can be trapped. Studying various sources for 
decoherence, heating or atom loss, and estimating the 
related time scales, we find that, for reasonable param- 
eters, detrimental effects are small. As a concrete ex- 
ample, we shall consider 87 Rb atoms in the weak-field 
seeking hyperfine state \F, thf) = |2,2). 

We next describe the setup in Fig.^ where the (ho- 
mogeneous) current / flows through the left NT posi- 
tioned at (— xo,0,z). With regard to the decoherence 
properties of the proposed trap, it is advantageous that 
the current flows homogeneously through the NT, as 
disorder effects are usually weak in NTs Neglect- 
ing boundary effects due to the finite tube length L, the 
magnetic field at x = (x, y, z) = (xj_, z) is given by 



(x) = ^ 1 2 [x + x ) + f I (1) 

2tt (x + x ) 2 + y 2 y j y B j 



with the vacuum permeability To create a trapping 
potential minimum at yo, the transverse magnetic field 
is B x — [aqI / '(27rj/o) • Then the transverse confinement 
potential is V(xj_) = /i|B(x)|, where \x = mFgF^B with 
the Lande factor gp and the Bohr magneton /is. It has 
a minimum along the line (—xq, yo, z), with the distance 
between the atom cloud and the wire being yo. Under the 
adiabatic approximation |17| . mp is a constant of mo- 
tion, and the potential is harmonic very close to the mini- 
mum of the trap, i.e., F(x) ~ fiB z + ^muj 2 [(x+Xo) 2 + (y— 
y ) 2 }, with frequency u = (mB^)] 1 / 2 fi I / \2iryl) and 
associated transverse confinement length lo — (h/mui) 1 ^ 2 
yo, where m is the atom mass. The adiabatic approxi- 
mation is valid as long as u> <C ll>l with the Larmor fre- 
quency Wi = [iB z /h. Non-adiabatic Majorana spin flips 
to a strong-field seeking state generate atom loss [Tlll8| 
characterized by the rate il oss ~ (itlj/2) exp(l — 1/x), 
with x = tut}/ {^B z ) |17j . For convenience, we switch to a 
dimcnsionless form of the full potential U(xj_) by mea- 
suring energies in units of hu> and lengths in units of 



lo, 

/ d 2 [{x + ,tq) 2 - dy + y 2 ] 2 + d\x + x a ) 2 \ 1/2 
X \ X l(x + x ) 2 + y 2 } 2 J 

(2) 

which depends only on d — yo/lo an d X- The trap fre- 
quency then follows as 

W = Tl2^J ' (3) 

Note that a real trap also requires a longitudinal confin- 
ing potential with frequency uj z -C uj. 

To obtain an estimate for the design of the nanotrap, 
we choose realistic parameters: x = 0.067, correspond- 
ing to a rate of spin flip transition per oscillation pe- 
riod -Tioss/w ~ 10 -6 . Decreasing d increases the trap fre- 
quency. However, d cannot be chosen too small, for oth- 
erwise the potential is not confining anymore (and the 
harmonic approximation becomes invalid). Using V(oo) = 
X _1 (l + x^ 2 ) 1 ^ 2 f° r the potential at |xj_| — > oo, we now 
show that for d < 5, the harmonic approximation breaks 
down. To see this, note that for d — 10, the potential 
provides a confining barrier (in units of the trap fre- 
quency uj) of U(oo) — V(0, 0, z) — 23.8, while for d = 5, 
we get only V(oo) — V(0, 0, z) = 9.8. Thus exceedingly 
small values of d would lead to unwanted thermal atom 
escape processes out of the trap. To illustrate the fea- 
sibility of the proposed trap design, we show in Table 
^ several parameter combinations with realistic values 
for the MWNT current together with the resulting trap 
parameters. In practice, first the maximum possible cur- 
rent should be applied to the NT, with some initial field 
B x . After loading of the trap, the field B x should be in- 
creased, the cloud thereby approaching the wire with a 
steepening of the confinement. At the same time, yo and 
consequently d decrease. This procedure can be used to 
load the nanotrap from a larger magnetic trap (ensuring 
mode matching). For a given current, there is a corre- 
sponding lower limit y m in for stable values of yo from 
the requirement d > 5, as already mentioned above. 
To give an example, the confining potential is shown 
in Fig. [2K) for I = 100/iA, representing a reasonable 
current through thick NTs [S], d = 10, Xq = Iq and 
r\ oss /u = 10~ 6 (where x — 0.067). The resulting trap 
frequency is uj = 2tt x 4.6 kHz and the associated trans- 
verse magnetic field is B x — 0.14 G. 

3 Influence of destructive effects 

For stable operation, it is essential that destructive ef- 
fects like atom loss, heating or decoherence are small. 

(i) One loss process is generated by non-adiabatic 
Majorana spin flips as discussed above. 

(ii) Atom loss may also originate from noise-induced 
spin flips, where current fluctuations cause a fluctuating 
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magnetic field generating the Majorana spin flip rate 0] 



7sf 



Sj(u) = / dte- iwt (I(t)I(0)). 

(4) 

At room temperature and for typical voltages Vo ~ 1 V, 
we have Hujl <C fcsT <C eVb, and Sj(wl) is expected 
to equal the shot noise 2eJ/3 of a diffusive wire. For 
the parameters above, a rather small escape rate results, 
7 s f w 0.051 Hz. If a (proximity-induced) supercurrent is 
applied to the MWNT, the resulting current fluctuations 
could be reduced even further. 

(iii) Thermal NT vibrations might create decoher- 
ence and heating, and could even cause a transition to 
the first excited state of the trap. Using a standard elas- 
ticity model for a doubly clamped wire in the limit of 
small deflections, the maximum mean square displace- 
ment is ^21 

cr 2 = {<j) 2 {L/2)) = ksTL 3 / (192YMi), 

where 4>(z) is the NT displacement, L the (suspended) 
NT length, T the temperature, Y the Young modulus, 
and M] the NT's moment of inertia. For L = 10/im 
and typical material parameters from Ref. jHj, we find 
a w 0.2 nm at room temperature. This is much smaller 
than the transverse size of the atomic cloud. Small 
fluctuations of the trap center could cause transitions to 
excited transverse trap states. Detailed analysis shows 
that the related decoherence rate is also negligible, since 
the transverse fundamental vibration mode of the NT 
has the frequency 



01 YMi 
L 2 V PL A C 1 



(5) 



with /3i ~ 4.73, the mass density pi,, and the cross- 
sectional area A c . For the above parameters, ojf — 2ir x 
11.9 MHz is much larger than the trap frequency itself. 
Due to the strong frequency mismatch, the coupling of 
the atom gas to the NT vibrations is therefore negligible. 

(iv) Another decoherence mechanism comes from cur- 
rent fluctuations in the NTs. Following the analysis of 
Ref. the corresponding decoherence rate is 



uj 4ft S yl V 2n J ho 



(6) 



where (To is the NT conductivity and A the cross-sectional 
area through which the current runs in the NT. For the 
corresponding parameters we find 7 C /^ < 10~ 8 . 

(v) Another potential source of atom loss could be 
the attractive Casimir-Polder force between the atoms 
and the NT surface. The Casimir-Polder interaction po- 
tential between an infinite plane and a neutral atom is 
given by Vcp = — C^/r 4 j51l20| . For a metallic surface and 
87 Rb atoms, C4 = 1.8 x 10~ 55 Jm 4 , implying that at a 
distance of 1/im from the surface, the characteristic fre- 
quency associated with the Casimir-Polder interaction 



is Vcp jti = 2ir x 0.29 kHz. In our setup, however, we 
cannot apply this estimate since the assumption of an 
infinite plane is not realistic for a NT with a diameter of 
a few tens of nm. Instead, we expect that the distance 
between the cloud and the NT can be reduced without 
drastically increasing the Casimir-Polder force. The pro- 
posed setup could be an interesting playground to study 
the Casimir-Polder interaction for our more complicated 
geometry. 

(vi) A further possible mechanism modifying the shape 
of the confining potential is the influence of the elec- 
tric field between the two contacts of the nanowire and 
the macroscopic leads which is created by the transport 
voltage. This field depends strongly on the detailed ge- 
ometry of the contacts. However, the electric field can 
in general be reduced if the total length L to t of the NT 
is increased. (Note that L to t can be different from the 
length L over which the NT is suspended). Due to the 
small intrinsic NT resistivity, the influence of the con- 
tact resistance then decreases for longer NTs. Finally, 
we mention that superconducting leads could be used to 
reduce the voltage drop. 



4 Number of trapped atoms and size of atom 
cloud 

Next we address the important issue of how many atoms 
can be loaded into such a nanotrap. This question strongly 
depends on the underlying many-body physics which 
determines for instance the density profile of the atom 
cloud. Since the trap frequencies given in TableQexceed 
typical thermal energies of the cloud, we will consider 
the ID situation. Within the framework of two-particle 
s-wave scattering in a parabolic trap, the effective ID 
interaction strength gm — —2h 2 /(mam) is related to 
the 3D scattering length a according to ^2] 



OiD 



-2m 



C 



V2l 



(7) 



where C ~ 1.4603. Interestingly, giD shows a confinement- 
induced resonance (CIR) for a = V2l /C [E). For nearly 
parabolic traps respecting parity symmetry, this CIR is 
split into three resonances [21] • However, for the typical 
trap frequencies displayed in Table ^ corresponding to 
non-resonant atom-atom scattering, the parabolic con- 
finement represents a very good approximation. For free 
bosons in ID, the full many-body problem can be solved 
analytically |22j . It turns out that the governing parame- 
ter is given by n|aiD|, where n is the atom density in the 
cloud. For weak interactions (large n|aiD|), a Thomas- 
Fermi (TF) gas results, while in the opposite regime, the 
Tonks-Girardeau (TG) gas is obtained. 

For realistic traps with an additional longitudinal 
confining potential with frequency to z <C u>, the prob- 
lem has been addressed in Ref. [53]. The correspond- 
ing governing parameter is r\ = n^\a\ji\ where titf = 
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[(9 /64) N 2 (muj z h) 2 \a 1D |] 1 / 3 is the cloud density in the 
center of the trap in the TF approximation. Small rj 
characterizes a TG gas whereas large rj corresponds to 
the TF gas. The longitudinal size t of the atom cloud 
in terms of the atom number N and the longitudinal 
(transversal) trap frequencies to z (uj) has been computed 
in Ref. with the result 

1/3 



£ 



3N{h/mu) z y 



CtlD 



in the TF regime and 

£ = [2N{h/muj z )} 1/2 



(8) 



(9) 



in the TG regime. In order to determine the cloud size £, 
we first calculate rj for fixed N,uj z and to, and then use 
the respective formula Eq. JHJ or 0. In the crossover 
region, both expressions yield similar results that also 
match the full numerical solution 23 . Typical results for 
realistic parameters are listed in Table[3]for lo z — 27rx0.1 
kHz. From these results, we conclude that the length of 
the suspended NT should be in the /xm-regime in order 
to trap a few tens of 87 Rb atoms. 

To summarize the discussion of the monostable trap, 
we emphasize that the proposed nanotrap is realistic, 
with currents of a few 100 fiA and lengths of few /jm 
of the suspended parts of NT. No serious fundamental 
decoherence, heating or loss mechanisms are expected 
for reasonable parameters of this nanotrap. We note that 
we did not consider additional specific noise sources from 
further experimental equipment. 



5 Double-well potential with two carbon 
nanotubes 

In order to illustrate the advantages of the miniatur- 
ization to the nanoscale, let us consider a setup which 
allows two stable minima separated by a tunneling bar- 
rier. The simplest setup consists of two parallel NTs 
carrying co-propagating currents /, a (small) longitu- 
dinal bias field B z and a transverse bias field B x . Such a 
double-well potential for ID ultracold atom gases would 
permit a rich variety of possible applications. Experi- 
ments to study Macroscopic Quantum Tunneling and 
Macroscopic Quantum Coherence phenomena [23] be- 
tween strongly correlated ID quantum gases could then 
be performed. In addition, qubits forming the building 
blocks for a quantum information processor could be re- 
alized. The rich tunability of the potential shape, includ- 
ing tuning the height of the potential barrier as well as 
the tunneling distance, is a particularly promising fea- 
ture. 

To realize this potential, we propose to place a second 
current-carrying NT at (+xo, 0, z), where the condition 
£o > 2/o guarantees the existence of two minima located 
at ?/o(i\/ :c o/yo 1> !)■ By tuning the transversal mag- 
netic field B x and the current /, z/o and thus the location 



of the minima can be modified. Around these minima, 
the potential is parabolic with frequency 



) 2 S 


L 2 











1 1/3 



(10) 



Similar to the considerations above, we obtain the po- 
tential in units of hw, which depends only on d x ~ Xq/Io, 
d y = Vo/lo and \, 



X V=[1 



1 - dl/dl 

-y 

(x - d x ) 2 + y 2 
x + d x 



-y 



{x + d x ) 2 +y 2 

2 



1 



1 2 



_{x + d x ) 2 + y 2 {x-d x ) 2 + y 2 



1/2 



(11) 



Figure |2p) shows the corresponding bistable potential 
for the particular case of x = 0.067, / = 200/iA, yo — 
100 nm and xq — 200 nm. The two minima are clearly 
discerned. To see how the frequency in the single well 
develops if the current in the second wire is turned on, 
we introduce the reference frequency ujq in the single- 
well case with a fixed current / and a fixed transverse 
field B x , such that y a ~ xq/2. Then we obtain the ratio 



u> 
w 



1 

16 



1/3 



(12) 



For decreasing B x and keeping / constant, we find that 
u) decreases as shown in Fig. OH (black solid line and 
left scale), while the distance yo of the atom cloud in- 
creases. In the limit xo = yo, the two minima merge and 
the potential becomes quartic and monostable, imply- 
ing that u> — > 0. For the above parameter set, we find 
ljq = 2ir x 291 kHz. Since one could obtain the same 
wo for a larger current / and a correspondingly larger 
distance xq, one gets the same trap frequency for a fixed 
ratio of yo/xo- However, d x and d y themselves would 
change and since the parabolic frequency to is fixed, only 
the non-linear corrections to the parabolic potential will 
be modified. This in turn influences the height of the po- 
tential barrier and the tunneling rate between the two 
wells. Next we study the influence of the length scale Xq 
on these two quantities. 

Taking the full potential into account, we estimate 
the barrier height and the tunneling rate within a simple 
single-particle WKB approximation. The barrier height 
D separating the two stable wells, 



D 



1 + Xd\ 



1 - dy/dx 
1 + d y /d x 



1/2 



X 



(13) 



is shown as a function of yo/xo for two values of / in 
the inset of Fig. [3J Note that the barrier height is of 
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the order of a few multiples of the energy gap in the 
wells, implying that the potential is in the deep quantum 
regime, favoring quantum-mechanical tunneling between 
the two wells. The corresponding tunneling rate r for the 
lowest-lying pair of energy eigenstates follows in WKB 
approximation as 

— = e ~ /*a d.Xy/2[V(x,d v )-l] ^ ^ 
UJ 

where x a /b are the (dimensionless) classical turning points 
in the inverted potential at energy E = tkj, which is 
approximately the ground-state energy of a single well. 
The integral in Eq. I|14|) is calculated along the line 
connecting the two minima corresponding to y = yg. 
Results for r are shown in Fig. [3] (red solid lines and 
right scale) as a function of yo/%o for two different val- 
ues of the current / and the distance xq yielding the 
same ujq. Note that for the smaller current, / = 200 
jtxA, r assumes large values already for large frequen- 
cies ui. This also implies that the detrimental effects dis- 
cussed above are less efficient. On the other hand, for 
large currents, the tunneling regime is entered only for 
much smaller trap frequencies. For the above parame- 
ters, we find uif) — 2tt x 291 kHz. For the smaller cur- 
rent, the tunneling regime starts at frequencies of around 
uj = 0. 37 'loo = 2ir x 108 kHz, corresponding to a tem- 
perature of T = 32 /jK, while for the larger current, the 
tunneling regime is entered at uo — 0.18wo = 2tt x 52 kHz 
corresponding to T — 16 /iK. This behaviour illustrates 
qualitatively (in the single-particle picture) one of the 
benefits of miniaturization. We believe that the features 
also appear in a more detailed consideration involving 
the atomic correlations which is not pursued here. 

A potential drawback of the double wire configura- 
tion could be the transverse NT deflection due to their 
mutual magnetic repulsion. For an estimate, note that 
the NT displacement field 4>(z,t) obeys the equation of 
motion p L <j> — — Y Mjcfi"" +fi I 2 / (Attx ). The static solu- 
tion under the boundary conditions 0(0, L) = 4>'(0, L) — 
is (j)(z) = hq[Iz(z — L)] 2 /(96ttYMjx ). Using again pa- 
rameters from Ref. p|, we find the maximum displace- 
ment cf)(L/2) ss 0.03 nm for L = 10^m. Hence the mu- 
tual magnetic repulsion of the NTs is very weak. Finally, 
we note that a potential misalignment of the two NT 
wires is no serious impediment for the design. Experi- 
mentally available techniques could be combined which 
allow on the one hand to move a NT on a substrate by an 
atomic force microscope |25j . while on the other hand, 
the NTs can be suspended and contacted after being 
positioned 

6 Conclusions 

To conclude, we propose a nanoscale waveguide for ul- 
tracold atoms based on doubly clamped suspended nan- 
otubes. We have analyzed this scenario from an atom 



chip point of view. All common sources of imperfection 
can be made sufficiently small to enable stable oper- 
ation of the setup. Two suspended NTs can be com- 
bined to create a bistable potential in the deep quan- 
tum regime. When compared to conventional atom-chip 
traps employed in present experiments, such nanotraps 
offer several new and exciting perspectives that hopefully 
motivate experimentalists to realize this proposal. More 
refined models to study the interplay between the me- 
chanical motion of the NTs and the coherent dynamics 
of the atom cloud are imaginable and could establish a 
link between the field of nanoelectromechanical systems 
and cold atom physics. 

First, rather large trap frequencies can be achieved 
while at the same time using smaller wire currents. This 
becomes possible here because both the spatial size of 
the atom cloud and its distance to the current-carrying 
wire(s) would be reduced to the nanometer scale, and be- 
cause NTs allow typical current densities of 10/iA/nm 2 , 
which should be compared to the corresponding densities 
of 10 nA/nm 2 in noble metals. For the case of a single- 
well trap, the resulting trap frequencies go beyond real- 
ized chip traps 1 . Large trap frequencies at low currents 
are generally desirable, since detrimental effects like de- 
coherence, Majorana spin flips, or atom loss will then be 
significantly reduced. Moreover, the faster dynamics of 
the atoms could lead to the construction of fast "chip 
circuits" . 

Second, regarding our proposal of a bistable potential 
with strong tunneling, the miniaturization towards the 
nanoscale represents a novel opportunity to study coher- 
ent and incoherent tunneling of a macroscopic number of 
cold atoms. The proposed bistable nanotrap is character- 
ized by considerably reduced tunneling distances, thus 
allowing for large tunneling rates at large trap frequen- 
cies. Note that the energy scale associated with tunneling 
is larger than thermal energies for realistic temperatures. 
Such a bistable device could then switch between the 
two stable states on very short time scales enabling the 
design of fast switches. Within our proposal the param- 
eters of the bistable potential can be tuned over a wide 
range by modifying experimentally accessible quantities 
like the current or magnetic fields. 

A third advantage of this proposal results from the 
homogeneity of the currents flowing through the NTs. 
As NTs are characterized by long mean free paths, they 
often constitute (quasi-) ballistic conductors, where ex- 
tremely large yet homogeneous current densities are pos- 
sible which avoids the fragmentation problem 1 . 

Detection certainly constitutes an experimental chal- 
lenge in this truly ID limit. However, we note that single- 
atom detection schemes are currently being developed, 
which would also allow to probe the tight ID cloud here, 
e.g., by combining cavity quantum electrodynamics with 
chip technology 2 , or by using additional perpendicular 
wires/tubes 'partitioning' the atom cloud [23 . This may 
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then allow to study interesting many-body physics in ID 
in an unprecedented manner. 
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Fig. 1 Sketch of the proposed device. A current-carrying 
suspended NT is positioned at (— xo,0, z) and together with 
the transverse magnetic field B x , a ID trapping potential is 
formed. The shaded region indicates the atom gas. A similar 
two-wire setup allows the creation of a bistable potential. 
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Fig. 2 (a) Transverse trapping potential of the nanoscale 
waveguide for / = 100 fiA, d = 10, x = 0.067 and xo = lo- 
The resulting trap frequency is lo = 2ir x 4.6 kHz while yo = 
1440 nm, corresponding to B x — 0.14 G. (al) shows a cut 
along y = y m i n through the contour plot shown in (a2), see 
horizontal dashed line, (b) Bistable potential for the double- 
wire configuration for \ = 0.067, / = 100 fiA, xo = 200 nm 
and yo = 100 nm. (bl) displays a cut along y — y m i n through 
the contour shown in (b2), see dashed line. 




Fig. 3 (Color online). Trap frequency ui in the bistable po- 
tential (left scale) and tunneling rate r within the WKB- 
approximation (right scale) as a function of the ratio yo/xo = 
dy/d x . For the definition of ojo, see text. The tunneling rate 
r is computed for 87 Rb atoms with % ~ 0.067 and xo = 200 
nm for two values of the current I given in the figure. 



